Poxviruses are large enveloped viruses that replicate in the cytoplasm of vertebrate or invertebrate cells. At least six virus-encoded proteins are required for synthesis and processing of the doublestranded DNA genome of vaccinia virus, the prototype member of the family. One of these proteins, D5, is an NTPase that contains an N-terminal archaeoeukaryotic primase domain and a C-terminal superfamily III helicase domain. Here we report that individual conserved aspartic acid residues in the predicted primase active site were required for in vivo complementation of infectious virus formation as well as genome and plasmid replication. T he poxviruses comprise a large family of DNA viruses that include the causal agent of smallpox (1). Unlike most other DNA viruses, poxviruses replicate entirely in the cytoplasm. To accommodate this unique lifestyle, they encode enzymes and factors needed for genome replication and transcription, which are potential targets for antivirals (2). Poxvirus genomes are 130,000-300,000 bp long and consist of two complementary strands of DNA that are covalently linked to form hairpins at each end. A transcription system is packaged in infectious virus particles allowing early mRNAs to be synthesized soon after cell entry. Early proteins are used for host defense, genome replication, and transcription of intermediate stage genes. Intermediate proteins include late-stage transcription factors, whereas late proteins are mostly involved in virus assembly and dissemination.
Poxviruses are large enveloped viruses that replicate in the cytoplasm of vertebrate or invertebrate cells. At least six virus-encoded proteins are required for synthesis and processing of the doublestranded DNA genome of vaccinia virus, the prototype member of the family. One of these proteins, D5, is an NTPase that contains an N-terminal archaeoeukaryotic primase domain and a C-terminal superfamily III helicase domain. Here we report that individual conserved aspartic acid residues in the predicted primase active site were required for in vivo complementation of infectious virus formation as well as genome and plasmid replication. Furthermore, purified recombinant D5 protein synthesized oligoribonucleotides in vitro. Incorporation of label from [␣- 32 DNA replication ͉ nucleocytoplasmic large DNA viruses ͉ RNA primer ͉ vaccinia virus T he poxviruses comprise a large family of DNA viruses that include the causal agent of smallpox (1) . Unlike most other DNA viruses, poxviruses replicate entirely in the cytoplasm. To accommodate this unique lifestyle, they encode enzymes and factors needed for genome replication and transcription, which are potential targets for antivirals (2) . Poxvirus genomes are 130,000-300,000 bp long and consist of two complementary strands of DNA that are covalently linked to form hairpins at each end. A transcription system is packaged in infectious virus particles allowing early mRNAs to be synthesized soon after cell entry. Early proteins are used for host defense, genome replication, and transcription of intermediate stage genes. Intermediate proteins include late-stage transcription factors, whereas late proteins are mostly involved in virus assembly and dissemination.
Most laboratory studies of poxviruses are carried out by using vaccinia virus (VACV). Studies with conditional lethal mutants indicate that five VACV early proteins are required for DNA replication, namely, E9 DNA polymerase, D4 uracil DNA glycosylase, A20 processivity factor, B1 protein kinase, and D5 NTPase (reviewed in ref.
3). The polymerase catalyzes primerand template-dependent DNA synthesis and possesses 3Ј to 5Ј exonucleolytic activity (4, 5) . The essential role of D4 in DNA replication (6) is independent of its uracil DNA glycosylase activity (7) , which presumably has a facultative repair function. The A20 and D4 proteins physically interact (8, 9) and together provide processivity for the DNA polymerase (10) . The B1 kinase phosphorylates a cellular DNA-binding protein called BAF and prevents the latter from blocking VACV DNA replication (11) . The fast stop DNA replication phenotype of conditional lethal D5 mutants suggests a function at the replication fork (12) . D5 also interacts with A20 (8, 9) and forms multimers (13) . Extensive protein sequence analyses have indicated that the C-terminal region of the 90-kDa D5 protein belongs to the helicase superfamily III within the AAAϩ class of NTPases, which includes the replicative helicases of numerous other DNA and RNA viruses (14, 15) . Furthermore, the N-terminal domain of D5 has sequence and structural features that are common to the archaeoeukaryotic primase superfamily, the members of which have diverse roles in DNA replication and repair (16) . Nevertheless, the only catalytic activity of D5 that has been demonstrated is nucleic acid-independent hydrolysis of rNTPs and dNTPs (17) . However, transfection experiments have indicated that truncation of the N-terminal 300 amino acids of D5, as well as point mutations in the predicted helicase domain of D5, impair complementation of DNA replication (13) .
DNA polymerases, unlike RNA polymerases, are incapable of initiating polynucleotide synthesis and therefore require a primer with a free 3Ј hydroxyl end. Several different priming mechanisms are used in biological systems (18) . The most common mechanism involves the synthesis of a short RNA primer that is then elongated by DNA polymerase. Other mechanisms include use of a tRNA primer, an amino acid side chain of a genome-attached protein, generation of a nick in one DNA strand, and DNA strand transfer. During parvovirus replication, a hairpin formed by a palindrome at the 3Ј end of the single-stranded genome serves as a primer for unidirectional strand displacement synthesis called rolling hairpin replication (19, 20) . Further rounds of replication require the generation of nicks near the ends of the parvovirus DNA with the resulting 3Ј ends serving as primers. The similarity between the structure of the parvovirus replication intermediate and the mature poxvirus genome has led to a model in which replication is initiated at a putative nick proximal to the hairpin (21, 22) . Strand elongation leads to the formation of concatemers that are resolved into unit length genomes with hairpin ends by a virus-encoded Holliday junction endonuclease (23) .
Using a complementation assay, we now show that the conserved amino acids in the predicted primase active site of D5 are required for DNA replication in VACV-infected cells, and that purified recombinant D5 can synthesize oligoribonucleotides by using a single-stranded DNA template. The encoding of a primase by poxviruses has important implications for the mechanism of genome replication and provides a target for antivirals.
Results
The Predicted Primase Active Site of D5 Is Required for Virus Complementation. The VACV D5 protein has a primase domain in the N-terminal region and an NTPase/helicase domain in the C- terminal region, an arrangement that is also found in some other archaeoeukaryotic primases (16) . A multiple alignment of the primase domains of D5 orthologs from each poxvirus genus is shown in supporting information (SI) Fig. 5 . To investigate the importance of the primase domain, we constructed plasmids encoding WT D5 and D5 with single alanine substitutions of D70, D72, and D170, which were predicted to be involved in the coordination of a Mg 2ϩ cation for substrate binding and primer synthesis (16, 24) (SI Fig. 5 ). An additional mutant with an alanine substituted for an invariant glycine residue (G503) in the Walker A motif, predicted to be essential for NTPase activity (14, 15) , was also constructed. Ten consecutive histidine codons were appended to the C terminus of the ORF encoding WT or mutated D5 for detection and isolation of the proteins, and a VACV intermediate stage promoter (25) was positioned upstream to allow transcription early during infection.
We determined the ability of the D5 constructs to complement VACV Cts24, a conditional lethal mutant defective in DNA replication at 40°C (12, 13, 26) . Following a previously described protocol (13) , cells were infected with Cts24 at the permissive temperature, transfected with D5 plasmids at 3 h after infection and shifted to the nonpermissive temperature at 5 h after infection or maintained at the permissive temperature. After 24 h, the formation of infectious virus was determined by a plaque assay. The virus yield was reduced Ϸ6-fold because of the shift to the nonpermissive temperature (Fig. 1A) . The plasmid expressing WT D5 increased virus replication by Ϸ5-fold, whereas plasmids containing mutated D5 had minimal effects ( Fig. 1 A) . The impairment of complementation caused by mutations in the predicted primase active site was similar to the effect of the mutation in the NTPase site. SDS/PAGE of the cell lysates, and Western blotting with antibody to the polyhistidine tag ruled out the possibility that the mutated proteins were less highly expressed or more unstable at 40°C compared with WT D5 (data not shown).
Conserved Amino Acids Within the Predicted Primase Active Site of D5
Are Required for Genome and Plasmid Replication. The above transfection protocol was also used to determine whether the defect in complementation was associated with impaired DNA replication. At 24 h after infection, the cells were harvested, and replication of the viral genome was determined by hybridization to a radioactively labeled viral DNA probe. Slot-blot analysis verified that Cts24 DNA replication was specifically impaired at 40°C, and that this could be rescued by transfection of a plasmid expressing WT D5 (Fig. 1B) . In contrast, little or no increase in genome replication occurred when plasmids expressing mutated D5 were transfected (Fig. 1B) . The mutated D5 proteins did not reduce genome replication at the permissive temperature, indicating they did not have a dominant negative effect under these conditions (data not shown).
Previous studies showed that a variety of circular DNAs lacking any poxvirus sequences replicate in cells infected with VACV, suggesting a mechanism that is independent of a specific origin sequence (27, 28). Furthermore, plasmid replication occurred in viral factories and depended on each of the known VACV replication proteins including D5 (29) . It was of interest to determine whether the primase active site was also needed for plasmid replication. The protocol used above to measure genome replication in cells infected with Cts24 was modified by cotransfecting plasmid p716 (29, 30) , which has no poxvirus sequences, along with a plasmid expressing WT or mutated D5. Total DNA was then isolated, and the transfected methylated plasmid was digested with DpnI. The amount of replicated DNA was then determined by real-time PCR by using primers 152 base pairs apart that flanked two DpnI sites in p716. This quantitative, low-background assay demonstrated that mutation of a single conserved amino acid in the putative primase active site reduced plasmid replication by Ϸ20-fold (Fig. 1C) .
Recombinant D5 Catalyzes Oligoribonucleotide Synthesis. The mutagenesis data indicated the importance of conserved amino acids in the predicted primase active site. However, to demonstrate that D5 has primase activity, we needed to purify the protein. For initial experiments, an inducible VACV system (31) was used to overexpress recombinant D5, containing a Cterminal 10-histidine tag, in HeLa cells. The protein was purified . At 3 h after infection, cells were transfected with empty plasmid vector or plasmid that expressed WT D5, D5 D70A, D5D72A, D5D170A, or D5G503A. Two hours later, the cells were shifted to 40°C or maintained at 31°C, as indicated. Cells were harvested at 24 h after infection and virus yields determined by plaque assay at 31°C. Error bars indicate range of one standard deviation. (B) Genome replication. Cells were infected in triplicate with Cts24, transfected and harvested as above. Total DNA was isolated and 2 g transferred to a nylon membrane. The blot was hybridized to 32 P-labeled VACV DNA and radioactivity was quantified with a PhosphorImager. (C) Viral originindependent plasmid replication. Cells were uninfected or infected with Cts24 and transfected with plasmid p716 in addition to empty vector or D5 plasmids as above. At 5 h after infection, the temperature was raised to 40°C and at 24 h, the cells were harvested. Total DNA was isolated, digested with DpnI, and p716 replication was measured by real-time PCR.
by using Ni-NTA beads, and samples taken during the isolation procedure were analyzed by SDS/PAGE and staining with Coomassie blue. The 90-kDa protein, eluting at 200 mM imidazole, was of the expected size for D5 ( Fig. 2A) and reacted with antibody to the polyhistidine tag (not shown).
Affinity-purified D5 was tested for primase activity by using single-stranded X174 phage DNA as a template in the presence of [␣-32 P]CTP and other unlabeled rNTPs. The herpes simplex type 1 primase complex (32) (kindly provided by Sandra Weller, University of Connecticut, Farmington, CT) was used as a positive control. Ni-NTA eluate from HeLa cells infected with the parental VACV lacking D5 with a polyhistidine tag served as a negative control. At the end of the reaction, the mixture was treated with phosphatase to degrade free nucleotides and the triphosphate end of synthesized oligoribonucleotides. A prominent radioactive band migrating near the 14-nt phosphorylated marker was detected in reactions that contained either the herpes simplex primase or D5 but not from the negative control (Fig. 2B) . Additional material migrated more rapidly than the 14-nt marker and some remained at the top of the gel during electrophoresis. Similar results were obtained by using M13 single-strand DNA as the template and [␣-32 P]UTP as a substrate (data not shown).
Enzymatic Activity of Recombinant D5 from an Alphavirus Vector and
Mutation of the Predicted Primase Active Site. In the above experiments, attribution of primase activity to D5 was based on the affinity purification of the protein and the absence of such activity in protein ''mock purified'' by affinity chromatography in parallel from cells infected with VACV not expressing tagged D5. Nevertheless, the possibility remained that the primase activity was due to a minor VACV or cellular protein that associated with affinity purified D5. To address that possibility, we expressed 10-histidine-tagged versions of both the WT D5 and D5 with amino acid substitutions in either the predicted primase or NTPase active site. Aspartic acid 170 was changed to alanine in one construct and glycine 503 to alanine in another. In addition, an alphavirus expression system was used instead of the inducible VACV system, because of the potential of mutant D5 oligomerizing with endogenous WT D5. BHK cells were infected with the recombinant alphaviruses and the affinity purification procedure was monitored by SDS/PAGE followed by Coomassie blue staining. In each case, the predicted 90-kDa protein was the predominant band (Fig. 3A) .
Primase activity was assayed as above by using D5 made by recombinant VACV as a positive control and Ni-NTA eluates of BHK cell extracts as a negative control. Labeled product migrating near the 14-nt marker was synthesized in reactions that contained either WT D5 or D5 G503A but not D5 D170A (Fig. 3B) . Reactions with D5 D170A also contained less radioactive material that remained near the top of the gel and that migrated faster than the 14-nt marker than did reactions containing WT D5 or D5 G503A . These results demonstrated that the mutation in the putative primase domain abolished primase activity, whereas a mutation in the NTPase domain did not. Thus, the primase activity was due to D5 and not an enzyme contaminant.
NTPase assays, measuring the conversion of CTP to CDP, were performed to eliminate the possibility that the D170A mutation had a global effect on the structure of D5. As expected, the D5 G503A had only trace NTPase activity (Fig. 3C) . However, the NTPase activity of the D5 D170A was similar to that of WT D5 (Fig. 3C) . The latter result is consistent with a report that truncation of the N-terminal 300 amino acids does not impair NTPase activity (13) . Thus the primase and NTPase activities of D5 are independent of each other.
Preliminary Characterization of the Primase Reaction and Product.
A time-course analysis indicated that the reaction products increased in amount from 1 through 45 min (Fig. 4A) . However, only the products migrating near the 14-nt marker and the top of the gel were sensitive to RNaseA/T1 and nuclease P1 and insensitive to DNase I as expected for RNA (Fig. 4B) . Similarly, only RNase-sensitive products depended on a DNA template (Fig. 4C) . Synthesis of the product migrating with the 14-nt marker was diminished when GTP was omitted and not made when both ATP and GTP were absent, suggesting that synthesis is initiated with a purine as found for some other primases (18) . The products were all greatly reduced in amount in the absence of Mg 2ϩ (Fig. 4B) . Further work is needed to determine the exact sizes of the RNA products and template preference.
Discussion
We provided in vivo and in vitro data indicating that D5 is a DNA primase. First, a D5 ts mutant complementation assay (13) demonstrated the importance of conserved amino acids in the predicted primase active site for DNA replication. Furthermore, purified recombinant D5 exhibited primase activity that depended on conserved amino acids in the predicted active site.
Primases are DNA-dependent RNA polymerases that synthesize oligoribonucleotides 2-15 nt or longer, usually starting with ATP or GTP (18) . Generally, any single-stranded DNA can serve as a template, although there may be preferential usage of some sequences. D5 primase activity was demonstrated by using single-stranded circular X174 and M13 phage templates. A discrete RNase-sensitive band migrated near the 14-nt marker.
We cannot be sure of the actual length of this oligoribonucleotide, because the markers were phosphorylated, and small oligonucleotides migrate anomalously in high percentage polyacrylamide gels (33) . However, the product of the herpes simplex virus primase complex, which has been estimated to be 8 nt (32), comigrated with the major VACV product. We surmised that synthesis starts with ATP or GTP, because omission of both nucleotides abolished synthesis of the major product. Substitution of alanine for one of the conserved aspartic acid residues in the primase domain abolished primase activity. Mutation of the primase active site did not impair NTPase activity and vice versa, indicating these two domains of D5 function independently. Because D5 exists as an oligomer (13), it will be interesting to determine whether the primase and NTPase active sites can work in trans for in vivo complementation. An important future experiment will be to demonstrate that D5 can prime DNA replication in vitro.
The finding of primase activity has profound implications for understanding the mechanism of poxvirus DNA replication. D5 could function by synthesizing RNA primers for initiation of leading-strand DNA synthesis, although the current model involves nicking near the ends of the genome. That model is based on reports of a change in sedimentation of parental VACV DNA and labeling studies (34) (35) (36) (37) . However, the only VACV nicking enzyme that has been characterized is not essential for DNA replication, and the cleavage site produced contains a 3Ј phosphate end, which would not serve as a primer for DNA poly- merase (38, 39) . Nevertheless, it is possible that nicking and RNA priming mechanisms are both used for initiation of replication. RNA primers could also allow lagging-strand DNA synthesis, which requires multiple initiations opposite the leading strand. In this regard, there have been reports of VACV DNA covalently linked to RNA (40) and of short nascent DNA resembling Okazaki fragments, which could be chased into larger molecules (41) . However, these results have not been repeated or extended during the past 30 years, and a unidirectional strand displacement model analogous to parvovirus rolling hairpin replication has gained prominence despite the absence of direct evidence (21, 22, 42) .
Lagging-strand synthesis would require a nuclease to remove the RNA primer and DNA ligase to covalently join the DNA fragments. A predicted Fen-1/Flap-like 5Ј3 3Ј endonuclease was detected in poxviruses and some other nucleocytopasmic DNA viruses (24, 43) . Fen-1 degrades RNA primers in Okazaki fragments (44) , and such a role for the VACV homolog, G5, would be anticipated. However, further studies are needed, because G5R ts mutants exhibited a block in the initial stage of morphogenesis rather than DNA replication (45) . Although VACV encodes a DNA ligase that can substitute for the replicative yeast ligase, the gene is not essential and is not conserved in all poxviruses (46) (47) (48) . This result is also perplexing, because there is no evidence for the recruitment of cellular DNA ligase I from the nucleus to cytoplasmic virus factories (48) . The possibility of other cellular ligases substituting for the viral enzyme remains a possibility.
In conclusion, our demonstration that the VACV D5 protein can synthesize oligoribonucleotides functionally validates the computational study that placed the gene in the archaeoeukaryotic primase superfamily (16) . The primase might be involved in either initiation of replication or lagging-strand synthesis. The result has broad significance, because uncharacterized D5 homologs are present in all poxviruses that have been sequenced and related, although highly diverged forms are present in members of the four other families of nucleocytoplasmic large DNA viruses (24) .
Materials and Methods
Plasmid Constructions. DNA encoding WT D5 and carrying a C-terminal 10-histidine tag was cloned from VACV genomic DNA by PCR using Accuprime Pfx (Invitrogen). Alanine substitutions were made by site directed mutagenesis as described in SI Text.
To construct replicon pERK3D5-WT, -D170A and -G503A, the coding sequence of D5 with a 10-histidine tag from the corresponding pG8D5 plasmids were amplified by PCR by using primers containing PacI and AscI restriction sites and cloned into the PacI and AscI sites of vector pERK3 (AlphaVax).
Construction of Virus
Vectors. An inducible recombinant VACV (vD5HISi) that overexpresses D5 with a C-terminal 10-histidine tag was formed by use of the VOTE system (49) as described in SI Text.
For the generation of recombinant alphaviruses based on the Venezuelan Equine Encephalitis virus replicon, the constructs pERK3D5-WT, -D170A, and -G503A were used as template DNA to generate the recombinant virus preparations VaxD5WT, VaxD5D170, and VaxD5D503, respectively. Transcription, electroporation and virus-like replicon particle production, using a two-helper system, were performed essentially as described (50) and as detailed in SI Text.
Purification of Recombinant Protein. HeLa S3 cells (2 ϫ 10 8 ) were infected with vD5HISi at a multiplicity of five plaque-forming units in the presence of 0.1 mM isopropyl ␤-D-thiogalactoside for 24 h at 31°C. For proteins expressed from recombinant alphavirus, BHK-21 (1 ϫ 10 8 ) cells were infected at a multiplicity of two focus-forming units for 18 h at 31°C. Protein expressed from recombinant viruses was then prepared as described (51) , with some modifications. Cells were harvested by low-speed centrifugation, washed twice with PBS, suspended in buffer C (20 mM Tris⅐HCl, pH 8.0, 10 mM NaCl, 1 mM 2-mercaptoethanol, 0.5 mM phenylmethylsulfonylfluoride, 2.5 mM MgCl 2 ), placed on ice for 10 min, and disrupted with a Dounce homogenizer. An equal volume of buffer C plus 0.83 M NaCl, 30% glycerol, 0.02% Triton X-100, 2 mM imidazole was added to the lysate for 1 h, after which the mixture was centrifuged in a swinging bucket rotor at 21,000 ϫ g for 30 min. The soluble material was mixed overnight with Ni-NTA agarose, which had been preequilibrated with the latter buffer. The column was sequentially washed with 10 volumes of buffer D (20 mM Tris⅐HCl, pH 8.0, 0.42 M NaCl, 15% glycerol, 1 mM 2-mercaptoethanol, 0.01% Triton X-100, 0. Complementation assays were performed as described (13) with some modifications. BS-C-40 cells were infected with Cts24 at a multiplicity of five plaqueforming units and incubated at 31°C. After 3 h, 100 ng of plasmid p716 (30) and 2 g of pCR2.1-D5 and related plasmids or empty vector were transfected into cells using Lipofectamine 2000 reagent (Invitrogen). At 5 h after infection, cells were either maintained at 31°C or shifted to 40°C. At 24 h after infection, cells were harvested and DNA isolated by using the Qiamp DNA Blood Kit (Qiagen). Genome replication was evaluated by transferring 2 g of DNA by using a slot-blot apparatus to an Immobilon-Nyϩ membrane (Millipore). The blot was hybridized to a 32 P-labeled VACV H6R DNA fragment and then exposed to a Phosphor screen. Data were acquired on a Storm 860 PhosphorImager (Molecular Dynamics) and quantified with ImageQuant software (Molecular Dynamics).
Plasmid replication was monitored by real-time PCR as described (29) . In addition, replicate sets of cells were harvested and virus yields determined by plaque assay on BS-C-40 cells as described (52) . Reaction products were heated at 90°C for 2 min and analyzed on a denaturing 20% polyacrylamide, 7.5 M urea gel followed by autoradiography. Oligonucleotide size markers (GE Healthcare) were 32 P-end-labeled using polynucleotide kinase (New England Biolabs) and [␥-32 P]ATP [3,000 Ci/mmol] (Perkin-Elmer Life Sciences).
NTP Hydrolysis Assays. NTPase assays were performed as described (17) . Reaction mixtures contained 100-125 ng (1.1-1.3 pmols) of recombinant protein, 0.16 M [␣-
32 P]CTP (3,000 Ci/mmol) (Perkin-Elmer Life Sciences) and were incubated at 37°C for 1 h. Each reaction mixture (1 l of a 1:50 dilution) was spotted onto plastic-backed polyethyleneimine-cellulose thin-layer chromatography sheets (J. T. Baker). Ascending chromatography in a solvent containing 0.8 M acetic acid and 0.8 M LiCl separated NTP hydrolysis products. The sheets were dried and analyzed by autoradiography. The blot was also exposed to a Phosphor screen and data acquired on a Storm 860 PhosphorImager (Molecular Dynamics) and quantified with ImageQuant software (Molecular Dynamics).
